We investigate the possibility to study the charmoniumlike state Z c (3900) through the pion-induced production off a nuclear target. By using a high-energy pion beam, the Z c (3900) can be produced off a proton or nucleus though the Primakoff effect. The production amplitude is calculated in an effective Lagrangian approach combined with the vector dominance model. The total cross sections of the p(π Pb are on the order of magnitude of 100 and 10 nb, respectively, which is about one thousand times larger than the cross sections off a proton target. Based on these the results, we suggest the experimental study of the Z c (3900) by using high-energy pion beams with a nuclear target at facilities such as COMPASS and J-PARC.
I. INTRODUCTION
The resonant structure Z ± c (3900) was reported recently by the BESIII and Belle Collaborations in the J/ψπ ± invariant mass spectrum through the electron-positron collision process e + e − → J/ψπ + π − at √ s = 4.26 GeV [1, 2] and later in an analysis of the CLEO-c data [3] . A structure at M = 3883.9 ± 1.5 ± 4.2 MeV was also observed in the DD * invariant mass spectrum in process e + e − → π ± (DD * ) ∓ [4] . Recently, a new neutral state with mass 3894.8±2.3±3.2 MeV was observed in process e + e − → π 0 π 0 J/ψ and interpreted as a neutral partner of the Z ± c (3900) [5] . Although such a resonant structure has been established in the experiment, its origin is still in debate. Since the Z ± c (3900) carries a charge, it cannot be put into a conventional quark model scheme as a cc state. Due to closeness to the DD * threshold, the molecular state interpretation of the Z c (3900) was proposed soon after its observation [6] [7] [8] . However, the lattice QCD simulation suggested that a shallow bound state related to the Z c (3900) cannot be formed in the DD * interaction [9] [10] [11] . In Ref. [12] , the author suggested that the Z c (3900) should be interpreted as a resonance instead of a bound state. The tetraquark state interpretation was also proposed in Refs. [13, 14] . There exist many nonresonant explanations of the Z c (3900) structure coming from some special kinematics instead of from a genuine resonance. In Ref. [15] , the J/ψπ invariant mass spectrum can be reproduced through an initial-single-pion-emission mechanism. † Corresponding author * Electronic address: huangy2014@lzu.cn ‡ Electronic address: junhe@impcas.ac.cn
The cusp effect from triangle singularity was also adopted to explain the Z c (3900) structure [16] .
More experimental data will provide more opportunity to understand the structure of the so-called XYZ particles. Most of our experimental knowledge about XYZ particles is from the electron-positron collision or the B decays. In the literature, other ways to observe the XYZ particles have been proposed. Experimental research for the charmoniumlike states Z c (4430) and Y(3940) and the hidden-charm nucleon resonance in photoproduction have been proposed in Refs. [17] [18] [19] . In Ref. [20] , the cross section of the Z c (3900) photoproduction off a proton was predicted to reach a maximum value of 50 to 100 nb at √ s γN ∼ 10 GeV. This prediction inspired an experiment at COMPASS, where photonucleon energies cover the range √ s γN from 7 to 19 GeV.
Unexpectedly, no signal of the Z c (3900) was observed in the J/ψπ ± mass spectrum [21] . It seems that the decay channel Z c (3900) ± → J/ψπ ± cannot be the dominant one. Another possible explanation about the COMPASS result is that the theoretically predicted Z c (3900) photoproduction off a proton is overestimated. It is well known that the replacement of the proton target by the nuclear target will enhance the meson production [22, 23] . The nuclear target may be more appropriate to use to produce the XYZ particles.
The high-energy pion beams are available in facilities such as J-PARC and COMPASS. It is interesting to make a theoretical prediction about the pion-induced production to evaluate the feasibility to observe the Z c (3900) in experiment with a nuclear target. In this work, we focus on the charged pion (π − )-induced production of Z − c (3900). Empirically, the schannel and u-channel contributions are much smaller than t-channel contribution especially at high energies [17] [18] [19] . The known decay channel of the Z c (3900) with pions is Z c (3900) → J/ψπ, so we take the J/ψ as the exchanged me-son in the t channel. Since the J/ψNN vertex is OZI suppressed, the Primakoff effect will be introduced here. As is well known in the photon-induced Primakoff effect, the highenergy pion beam will interact with the nucleon or nuclei through exchanging a virtual photon. Combined with the vector meson dominance (VMD) mechanism, the Z c (3900) can be produced. In this work, we will study the Z c (3900) The production mechanism through a pion-induced Primakoff effect is illustrated in Fig. 1 . The pion interacts with the proton through a virtual photon. Through the VMD mechanism, the virtual photon becomes a J/ψ meson, which can interact with a pion to produce a Z c (3900) because the Z c (3900) was observed first just in the J/ψπ channel. The cascade decay of the Z c (3900) to J/ψπ will be also considered in this work [see Fig. 1(b) ].
In the VMD mechanism, the Lagrangian depicting the coupling of the intermediate state J/ψ with the photon is written as
where V and A are the J/ψ and photon fileds, e is the unit charge, and M J/ψ and f J/ψ denote the mass and the decay constant of the vector meson J/ψ. With the decay width Γ J/ψ→e + e − = 5.55 ± 0.14 ± 0.02 KeV, one obtains the parameter e/ f J/ψ = 0.027. A form factor is added in this vertex of a from
with cutoff Λ choosing as the mass of the vector meson J/ψ£ as in Ref. [28] .
The coupling between photon and nucleon is depicted by an effective Lagrangian,
where A and N denote photon and proton field with mass M N , respectively. The anomalous magnetic momentum of the proton is κ p = 1.97, and the antisymmetric tensor is defined as σ µν = i 2 (γ µν − γ νµ ). The proton form factor F 1,2 (k 2 ) can be rewritten as electromagnetic form factors,
The experimental electromagnetic form factors of the proton can be approximately described by a dipole fit [29] ,
where
, and µ p = 2.793. Here, we adopt an assignment of the spin-parity quantum number of the Z c (3900) as J P = 1 + [25] . Under such assignment, the effective Lagrangian describing the Z c (3900)J/ψπ coupling is of the form [17] 
where Z c and ψ denote the Z(3900) field with mass M Z c and the J/ψ field, respectively. The coupling constant g πψZ c can be determined by the decay width of the Z The form factor should be introduced to reflect the internal structure of the hadrons. A form factor is introduced as
for the exchanging J/ψ, and a form factor is introduced as
for the vertex of the Z − c (3900) decay to J/ψπ − [see Fig. 1(b) ]. Empirically, the cutoff Λ is close to 1 GeV. In this work we will discuss it with different values not far from 1 GeV.
With the above preparation, the cross sections for the p(π − , Z − (3900)) and p(π − , Z − (3900) → J/ψπ − ) reactions with variation of beam energies E π are presented in Fig. 2 . The Hence, if we assume the branch ratio is 10%, a reasonable estimation about the order of magnitude of the cross section of the pion-induced Z c (3900) production off a proton is 0.1 nb. If we observe it in the J/ψπ channel, the cross section will be suppressed further by a order of magnitude, but it is difficult to detect in the existing facilities.
III. PION-INDUCED Z c (3900) PRODUCTION OFF A NUCLEAR TARGET
For pion-induced Z c (3900) production off a nuclear target, the proton in Fig. 1 should be replaced by a nucleus. It follows that the interaction of the photon with a nucleus can be described by the Lagrangian [23] ,
where the coupling constant G γA = |e|Z with Z being the number of protons in the nucleus, x, y, z denote the three spatial components and r is distant from the center of the nucleus. C † (C) creates (annihilates) a nucleus with a definition as,
with k ′ , k ′ , and k ′ 0 being the four-momentum, threemomentum and energy, respectively.
The profile function F A of a nucleus makes the interaction of the photon field V 
where j 0 (qr) = sin(qr)/qr and ρ(r) ch is the ground-state charge density, which gives the most direct physical insight into the distribution of protons inside the nucleus. The chargedensity normalization is given by 4π ρ(r) ch r 2 dr = Z, and the Woods-Saxon form ρ ch (r) = ρ 0 /(1 + e (r−R)/d ) is adopted in this work with charge radius R = 1.1A 1/3 fm and nuclear surface thickness d = 0.53 fm [27] . ρ 0 is a normalized coefficient, and A is the mass number of nuclear.
The amplitude describing the reaction
is the polarization vector of the Z c (3900), with λ being its helicity. If the π − J/ψ → Z − c (3900) conversion occurs inside the nucleus, the outgoing meson wave acquires an additional eikonal phase χ (−) * P . At high energies the distortion factor is well described by an eikonal form as
where ζ = x − z,n is a unit three-vector in the direction of the outgoing meson, b is the impact parameter and σ π = 24.1 mb stands for the πp total cross section. Analogously to the Z c (3900) production, the amplitude for the
where ǫ λ J/ψ is the polarization vector of the J/ψ, and Γ Z is total width of the Z c (3900).
With those amplitudes, the total cross sections for the A(π − , Z − (3900)) and A(π − , Z − c (3900) → J/ψπ − ) reactions with variation of the beam energies E π are calculated and presented in Fig. 3 . Here, A = 12 C and 208 Pb are taken as the examples for light and heavy nuclei, respectively. Here we only consider Γ = 29 MeV, because the cross sections with two choices of the decay width are on the same order of magnitude as the proton target.
The shapes of the cross sections of the Z c (3900) productions for both A = 12 C and 208 Pb are analogous to the proton case. Obvious enhancement of the Z c (3900) production can be observed after replacing the proton target with the nuclear target [see Fig. 3(a) and Fig. 3(b) ]. At energies higher than about 30 GeV, the cross sections with two nuclei are on the order of magnitude of 1000 nb or more with cutoff Λ in a range of 1 ∼ 2 GeV, with which the cross section with the proton target is on the order of magnitude of 1 nb (a line for 1000 nb is marked at Fig 3) . A conservative estimation about order of magnitude of the total cross section of the A(π − , Z − c (3900)) reaction is 1000 nb if the beam energy is large enough. It is also found that the cross section for the heavier nuclei 208 Pb is larger than that of the light nuclei 12 
3900)) interaction, the cross section for the heavier nuclei 208 Pb is larger than that of the light nuclei 12 C. At higher energies, the cross section in J/ψπ channel for 12 C is smaller than that of the direct Z c (3900) production while the cross section in the J/ψπ channel for 208 Pb is close to that of the direct Z c (3900) production.
It is reasonable to estimate that the Z c (3900) production off a nuclear target is on the order of magnitude of 100 nb, based on the calculation in this work with an assumption of branch ratio of the Z c (3900) decay in the J/ψπ channel as 10%. If observed in the J/ψπ channel, the cross section is on the order of magnitude of 10 nb.
IV. SUMMARY
In this work, the Z c (3900) production through a pioninduced Primakoff effect combined with the VMD mechanism is studied with the effective Lagrangian method. The cross sections for the A(π − , Z − c (3900)) and A(π − , Z − (3900) → J/ψπ − ) reactions are calculated with A being a proton, a 12 C or a 208 Pb. The cross section of pion-induced Z c (3900) production off a proton is on the order of magnitude of 0.1 nb, which is difficult to detect in the existing facilities. After replacing the proton with the nuclei, the total cross section of the Z c (3900) production enhances obviously to an order of magnitude of 100 nb with an assumption of the branch ratio as 10% for the Z c (3900) in the J/ψ channel. Under the same branch ratio assumption , the cross section of the A(π − , Z − (3900) → J/ψπ − ) reaction is suppressed by 1 order of magnitude to 10 nb due to an additional Z c (3900) → J/ψπ vertex involved. Based on the results, we suggest the experimental study of the Z(3900) by using high-energy pion beams with nuclear targets at facilities such as COMPASS and J-PARC.
The enhancement of the meson production with a nuclear target compared with a proton target is not limited to the Z c (3900) considered in the current work, which should exist in the production of other XYZ particles. In the literature, predictions of photon-or pion-induced productions of XYZ particles with a proton target have been suggested by many authors [17, 18, 20] . Based on the predictions in this work, we suggest studying the XYZ particle production with a nuclear target rather than a proton target.
